These Guidelines were developed by the European Society for Medical Oncology (ESMO) and the European Association of Neuro-Oncology (EANO).
Introduction
These EANO-ESMO joint recommendations for the diagnosis and treatment of leptomeningeal metastasis (LM) from solid cancers represent the first European guideline initiative on this topic. LM is defined as the spread of tumour cells within the leptomeninges and the subarachnoid space, is synonymous with 'neoplastic meningitis' and can be further denoted by primary tumour as leptomeningeal carcinomatosis, gliomatosis or lymphomatosis. The recommendations address LM from solid tumours, but neither LM from primary brain tumours nor LM from lymphoma or leukaemia. They cover prevention, diagnosis, therapy and followup, but not differential diagnosis, adverse effects of therapeutic measures or supportive or palliative care. We propose diagnostic criteria as well as a neuroimaging-and cytopathology-based classification of LM syndromes to derive pragmatic treatment algorithms. We also assign levels of certainty to the diagnosis of LM to provide guidance when to treat (as opposed to when to intensify diagnostic efforts) and on which patients to include in clinical trials. Given the low level of evidence, the recommendations are based more on expert opinion and consensus than on evidence from informative clinical trials. Still, the EANO-ESMO multidisciplinary recommendations shall serve as a valuable source of information for physicians, other health care providers, as well as informed patients and relatives.
Epidemiology
LM may be diagnosed in approximately 10% of patients with metastatic cancer in the course of disease [1] . The incidence is probably underestimated because of non-specific symptoms and signs, lack of sensitivity to diagnostic procedures and limited therapeutic options. Breast cancer, lung cancer and melanoma represent the three most common causes of LM, but LM may be observed with all malignant tumours. LM occurs in the context of progressive systemic disease in approximately 70% of solid cancer patients with LM, in around 20% at the time of first progression after initial treatment, but in up to 10% already at the time of diagnosis. In recent large cohorts of LM patients, brain metastases were associated with LM in 33%-54% of breast cancer, 56%-82% of lung cancer and 87%-96% of melanoma patients [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Risk factors for the development of LM include opening of the ventricular system during brain metastasis surgery or resection of cerebellar metastases, especially when using a piecemeal resection [21] [22] [23] [24] [25] [26] . In a large cohort of patients with brain metastasis, the incidence of LM was higher in patients treated with surgery followed by stereotactic radiosurgery than in patients treated with radiosurgery alone [27] .
Patients with lobular subtype and triple-negative tumours have a relatively higher risk of LM than patients with other types of breast cancer [28] . In recent cohorts, primary breast tumours causing LM were ductal carcinoma in 51%-78%, lobular carcinoma in 26%-35%, human epidermal growth factor receptor-2 (HER2)-positive in 10%-29% (up to 47% in only one series) and triple negative in 22%-40.5% [2-7, 9-12, 28] .
Lung tumours causing LM were adenocarcinomas in 84%-96% [13] [14] [15] [16] 19] . Epidermal growth factor receptor (EGFR)-mutant lung cancer may have a central nervous system (CNS) tropism [29] [30] [31] . Metastatic CNS involvement has also been recognised as an emerging complication in patients with anaplastic lymphoma kinase (ALK)-positive non-small-cell lung cancer (NSCLC) [32, 33] . In a second-line trial for ALK-positive disease, approximately 35% of ALK-positive patients had brain metastasis at the time of study entry [34] .
Only a few large cohorts of melanoma patients with LM have been reported and risk factors, including LM risk-associated molecular profiles (e.g. BRAF mutation status), have not been identified.
The role of cerebrospinal magnetic resonance imaging (MRI) in addition to standard extracerebral staging during the followup of patients at high risk of LM (e.g. with triple-negative or lobular breast cancer) has not been evaluated.
Recommendation:
• LM should be considered in particular in patients with breast or lung cancer or melanoma who present with neurological symptoms or signs [EANO: III, C; ESMO: III, B].
Prognosis
Median survival is poor and limited to 6-8 weeks without tumour-specific treatment whereas survival may be prolonged to a few months with LM-directed treatment, including targeted therapy and immunotherapy: 1.75-4.5 months in breast cancer, 3-6 months in lung cancer and 1.7-2.5 months in melanoma (cohorts of more than 30 patients published within the last 10 years) [2-7, 9-20, 28] . Published survival rates at 1 year were 16%-24% for breast cancer [5, 12] , 19% for lung cancer [13, 18] and 7% for melanoma patients [19] . Performance status at diagnosis of LM is the most important prognostic factor, as shown by multivariate analysis. Other frequently reported prognostic factors include primary tumour type, cerebrospinal fluid (CSF) protein levels, administration of combined modality treatment, systemic treatment or intra-CSF treatment, and initial clinical or CSF responses to treatment [2-5, 9-11, 35-39] . In contrast, an association of whole brain radiotherapy (WBRT) with overall survival (OS) has not been consistently reported [13] [14] [15] [16] 28] .
Pathogenesis
The invasion of the leptomeninges by tumour cells may occur by haematogenous spread through the arterial or venous circulation, or endoneural, perineural, perivascular or lymphatic spread, especially from breast and lung cancers. Furthermore, there may be a direct invasion from brain or spinal parenchymal metastases in contact with the CSF, the choroid plexus and from subependymal metastases [40] [41] [42] . Iatrogenic spread may occur after neurosurgical interventions, notably when lesioning the ventricles [22] . De novo tumours originating in the leptomeninges with melanoma histology are also observed, but represent a distinct disease entity [43] . Once seeded in the meninges, tumour cells may disseminate along the meningeal and ependymal surfaces or with the CSF flow, with a predilection of colonising regions of slow CSF flow and gravity-dependent locations, e.g. posterior fossa, basilar cisterns and lumbar cistern [40] . Molecular factors facilitating seeding of the leptomeninges by tumour cells have not been identified.
Clinical presentation
Symptoms and signs are related to the specific CNS areas involved by LM and thus are typically multifocal. The most frequent manifestations at presentation [2, 3, 5-7, 11, 13, 15, 18-20, 44] are as follows:
• headache;
• nausea and vomiting;
• mental changes;
• gait difficulties;
• cranial nerve palsies, e.g. with diplopia or visual disturbance (cranial nerve VI, III, IV, II) and hearing loss (cranial nerve VIII); • radicular signs including weakness, voiding and cauda equina problems; and • focal or irradiating (radicular) neck and back pain. Some of these symptoms and signs are in part or largely related to increased intracranial pressure due to CSF circulation disturbances and can be rapidly alleviated by lowering intracranial pressure through CSF drainage. Patients may also present with subtle isolated symptoms and signs. Bladder, sexual and bowel dysfunction are possibly underreported and should be explored at presentation and during the course of the disease. To ensure appropriate clinical management strategies, symptoms or signs due to parenchymal metastases, extracranial disease, side-effects of treatments or non-cancer comorbidities should be distinguished from LM-related neurological symptoms and signs. A detailed neurological examination is required and a standard evaluation form should be used for the clinical evaluation of patients at diagnosis and during follow-up [1] . The Neurologic Assessment in Neuro-Oncology (NANO) criteria used to assess neurological function in brain tumour patients [45] are unlikely to be useful in LM patients because they do not address the multi-level involvement of the CNS typically seen in LM.
Recommendations:
• Typical clinical signs of LM such as headache, nausea and vomiting, mental changes, gait difficulties, cranial nerve palsies with diplopia, visual disturbances, hearing loss, sensorimotor deficits of extremities and cauda equine syndrome, radicular, neck and back pain, notably in a patient with cancer, should alert clinicians to consider LM [EANO: IV, n/a; ESMO: V, n/a].
• A detailed neurological examination using a standard evaluation form, e.g. as proposed by the Leptomeningeal Assessment in Neuro-Oncology (LANO) group, should be carried out at diagnosis [EANO: IV, n/a; ESMO: V, n/a].
Diagnostic procedures Neuroimaging
Cerebrospinal MRI without and with contrast enhancement using at least 1.5-T field strength is the 'gold standard' for the comprehensive neuroradiological assessment of patients with suspected LM (Table 1 ) [46] . Characteristic MRI findings include sulcal enhancement or obliteration, linear ependymal enhancement, cranial nerve root enhancement and leptomeningeal enhancing nodules, notably of the cauda equina. Prospective systematic studies addressing sensitivity and specificity of MRI in distinguishing LM from other diseases with a similar MRI pattern have not been conducted. Sensitivity and specificity of cerebrospinal MRI remain difficult to appreciate due to a limited number of publications in patients with a suspicion of LM and improvement of technique over time, but have been estimated in the range of 66%-98% and 77%-97.5%, respectively [47] [48] [49] [50] . In recently reported cohorts, 68%-97% of patients with a diagnosis of LM based on presence of tumour cells in the CSF or on typical clinical and MRI findings had radiological evidence of LM on cerebrospinal MRI, indicating that the diagnosis of LM is infrequently made in patients with a normal MRI [2-5, 7, 9-11, 14, 16-20, 39, 44] . The neuroradiological assessment of LM is challenging. Contrast enhancement can be complex in geometry and small in volume [1] . Several technical issues, such as slice positioning and thickness, time interval between contrast injection and image acquisition influence the sensitivity and specificity of neuroimaging. Contrast-enhanced T 1 -weighted and fluid-attenuated inversion recovery (FLAIR) sequences are probably the most sensitive for the detection of LM [51, 52] . Gadolinium should be injected 10 min before data acquisition at a dose of 0.1 mmol/kg. The slice thickness should be 1 mm. As recommended by the LANO group, nodules should be defined as ! 5 Â 10 mm in orthogonal diameters [1] and should be distinguished from linear contrast enhancement. As meningeal contrast enhancement may also be observed after lumbar puncture or ventricular shunt placement, cerebrospinal MRI should be obtained before such procedures whenever feasible. Communicating hydrocephalus is observed in 11%-17% of patients [9, 16] . Cerebrospinal MRI also detects brain metastasis, epidural spinal cord compression and intramedullary spinal cord metastases. Cranial computed tomography (CT) should be limited to patients with contraindications for MRI and mainly helps to identify nodular disease. 18F-fluorodeoxyglucose positron emission tomography-computed tomography (FDG-PET-CT) is rarely useful for the diagnosis of LM [53] . CSF flow studies using intra-CSF application of tracers, such as 111 Indium-diethylene triamine pentaacetic acid (DTPA) or 99 Technetium macro-aggregated albumin, have been recommended for patients considered candidates for intra-CSF pharmacotherapy, as obstruction to CSF flow may impede coverage of the target volume of drug distribution [1] . CSF flow abnormalities have been observed in 61%-70% of patients in small cohorts of non-selected patients with LM [54, 55] . Blocks can be partial or complete and can occur at the base of the brain, in the spinal subarachnoidal space and over the cerebral convexities.
Recommendations:
• The diagnostic work-up should include cerebrospinal MRI.
Brain MRI should include axial T 1 -weighted, axial FLAIR, axial diffusion, axial T 2 -weighted, post-gadolinium 3D T 1 -weighted and post-gadolinium 3D FLAIR sequences. Spinal MRI should include post-gadolinium sagittal T 1 -weighted sequences. Spine sagittal T 1 -weighted sequences without contrast and sagittal fat suppression T 2 -weighted sequences, combined with axial T 1 -weighted images with contrast of regions of interest, may also be considered [EANO: III, C; ESMO: II, B].
• CSF flow studies should be considered for patients in whom CSF flow obstruction may be present, e.g. hydrocephalus, large nodules potentially reducing the CSF circulation on MRI, unexpected toxicity of intra-CSF treatment, and who are candidates for intra-CSF pharmacotherapy [EANO: IV, n/a; ESMO: IV, C].
CSF analysis
Non-diagnostic pathological findings upon routine CSF analysis are observed in more than 90% of LM patients and include increased opening pressure (> 200 mm H 2 O) in 21%-42% [16, 44] , increased leukocyte counts (> 4/mm 3 ) in 48%-77.5% [2, 10, 16, 44] , elevated protein (> 50 mg/dL) in 56%-91% [2, 3, 10, 16, 44] and decreased glucose (<60 mg/dL) in 22%-63% [2, 10, 16, 44] . However, only the identification of malignant cells in the CSF or in a leptomeningeal biopsy establishes the diagnosis of LM (gold standard). The results of CSF cytology studies are commonly qualitative and sensitivity is low, although specificity is high. In recent large cohorts of LM patients, CSF cytology was considered positive in 66%-90% [3] . CSF cytology should be reported as: 1. positive, defined by the presence of malignant cells in the CSF; 2. equivocal, corresponding to the detection of 'suspicious' or 'atypical' cells in the CSF; or 3. negative, defined as the absence of malignant or equivocal cells in the CSF.
A distinction of suspicious and atypical as proposed by the LANO group [1] is difficult to use in clinical practice. Staining of neoplastic cells for specific alterations such as the HER2 protein in breast cancer or BRAF V600E protein in melanoma by immunocytochemistry may be useful in selected equivocal cases. The following simple measures may improve the sensitivity of CSF studies: obtaining sufficient volumes of CSF (ideally > 10 mL, but at least 5 mL), processing CSF within 30 min after sampling and avoiding haemorrhagic contamination [1, [56] [57] [58] . A higher sensitivity was reported with thin-layer preparations (Thinprep) than with cytospin-coupled Wright-Giemsa stains [59] . In patients suspected of having LM, CSF analysis should be carried out under optimal conditions. If the first CSF analysis is negative, a second lumbar puncture should be carried out under optimised conditions as outlined above, potentially increasing the sensitivity to 80%. The yield of further CSF assessments remains doubtful. CSF fixation in dedicated tubes as established for haematological disorders [60] , such as ethylenediaminetetraacetic acid (EDTA) CSF sample storage tubes or CellSave TM preservative tubes, may diminish the need for rapid processing of the sample, but reports on the validation of this approach for solid tumours are lacking.
Novel techniques using epithelial cell adhesion molecule (EpCAM) antibodies or other tumour-specific antibody-covered magnetic nanoparticles to identify circulating tumour cells have shown promising results using various adaptations of the device initially designed for peripheral blood studies, combined with flow cytometry or tumour marker immunofluorescent in situ hybridisation (TM-iFISH). Such approaches may improve the sensitivity for tumour cell detection in the CSF but need validation in prospective studies [45, [61] [62] [63] [64] [65] [66] [67] . Genomic alterations can be detected in the CSF by micro-arrays [68] , digital or real-time polymerase chain reaction (qPCR) and targeted amplicon sequencing, and whole exome sequencing [69] [70] [71] [72] . Yet, there are still insufficient data to substitute a positive CSF cytology by the detection in the CSF of tumour-specific mutations at DNA level, e.g. BRAF V600E or EGFR
T790M
. It remains unclear whether tumour DNA detection in the CSF compartment always reflects the local presence of cells or whether this DNA may be derived from tumour cells circulating in the blood or even from distant extracerebral metastases. Future studies need to address the question of which quantitative cutoff of tumour DNA in CSF truly represents clinically relevant LM.
Numerous CSF biomarkers of LM have been explored in a tumourspecific manner, including b-glucuronidase, lactate dehydrogenase (LDH), b2-microglobulin, cancer antigen (CA) 15-3, CA 125, CA 19-9, a-foetoprotein (AFP), neuron-specific enolase (NSE), or Cyfra 21-1 as direct tumour markers, or molecules thought to be involved in the metastatic process, specifically angiogenesis [e.g. vascular endothelial growth factor (VEGF), tissue plasminogen activator (tPA), stromal cell-derived factor (SDF) Recommendation: • CSF studies with optimised analysis conditions must be carried out as part of the diagnostic work-up. One repeat lumbar puncture with optimised analysis conditions should be carried out in patients with suspected LM and initial negative or equivocal CSF studies [EANO: IV, n/a; ESMO: V, n/a].
Biopsy
Rarely, leptomeningeal biopsies may be required to confirm the diagnosis of LM. It may be useful when CSF cytology is repeatedly negative, when there is no history of cancer or if there are doubts about the cause of the clinical and imaging features and if therapeutic interventions are clinically indicated. still accounts for an estimated disease burden of at least 20%. Based on these considerations, the likelihood of LM can be assigned 'confirmed', 'probable', 'possible' or 'no evidence for' ( Table 2 ). This classification provides guidance when to treat with relative confidence ('confirmed', 'probable') and when to reconsider intensified diagnostic efforts at establishing a firm diagnosis ('possible', 'no evidence for'). Patients meeting criteria for 'no evidence for' should not receive LM-directed tumour-specific treatment, but should receive a follow-up evaluation if the clinical suspicion of LM remains. Furthermore, we propose that clinical trials should only enrol patients with confirmed or probable LM, and should stratify for this certainty level of diagnosis.
Diagnostic criteria for LM

Therapeutic strategies
The aim of treatment of LM is to prolong survival with acceptable quality of life, and to prevent or delay neurological deterioration. Several tumour-specific approaches can be used in isolation or combination. Recommendations for the treatment modalities for LM described below are not supported by data from randomised clinical trials; they are based on uncontrolled case series and expert opinion and current management strategies vary widely across Europe [73] .
Pharmacotherapy: general considerations
Based on the assumption that intravenous (i.v.) antitumour agents will distribute in the same way as i.v. administered contrast agents, there is a priori no reason to believe that systemic pharmacotherapy for contrast-enhancing manifestations of LM should be less efficient than for other systemic manifestations of cancer. Moreover, increased CSF protein levels in most LM patients confirm that the blood-CSF barrier is commonly disrupted in LM and that there must be, therefore, increased levels of systemically administered drugs in the CSF of most patients with LM. However, floating tumour cells in the CSF in the setting of little or no blood-CSF barrier dysfunction or diffuse leptomeningeal or ependymal spread not yet accompanied by blood-brain barrier dysfunction may be poorly covered by systemic pharmacotherapy. Importantly, in the absence of blood-CSF barrier disturbances, drug distribution into the CSF depends mainly on drug transport across the choroid plexus and not across the blood-brain barrier [74] . No specific prospective trials have been reported on systemic treatment of LM, but retrospective series suggest some activity of systemic chemotherapy [75] [76] [77] . As there IA þ Linear yes n/a n/a n/a IB þ Nodular yes n/a n/a n/a IC þ Linear þ nodular yes n/a n/a n/a ID þ Normal yes n/a n/a n/a are very limited data on the efficacy of targeted agents in LM, it remains uncertain whether these agents improve the prognosis of LM.
As for patients with brain metastasis [78] , the best systemic treatment of LM is determined by the primary tumour, its molecular characteristics or the molecular characteristics of tumour cells of the CSF (when available) and prior treatment of the underlying malignancy.
LM from breast cancer
Common treatments administered in breast cancer patients with CNS metastases include capecitabine, cyclophosphamide, 5-fluorouracil (5-FU), methotrexate (MTX), vincristine, cisplatin, etoposide, vinorelbine and gemcitabine. No trial has specifically evaluated the role of trastuzumab in treating brain metastasis; however, a clinical benefit has been reported in patients with HER2-positive tumours treated for newly diagnosed brain metastasis [79, 80] . The efficacy of lapatinib was limited in brain metastasis patients when used alone [81] [82] [83] , but promising when combined with capecitabine [82] [83] [84] [85] [86] . Only very limited data are available on the efficacy of trastuzumab-emtansine (T-DM1) in treating brain metastasis [87] [88] [89] .
There are hardly any systematic studies of LM treatment in patients with breast cancer [90] . A concordance of 94% has been reported between the HER2 status of primary tumours and the tumour cells in the CSF [91] . In HER2-positive tumours with LM, anti-HER2 treatment in combination with chemotherapy should be considered. More data are also needed on the efficacy of bevacizumab in combination with various chemotherapies in LM patients [92] . Occasional responses of LM have been reported with hormonal agents. However, tumours are often resistant to hormonal therapy at the time of LM diagnosis.
LM from lung cancer
A platinum based-combination (including pemetrexed, gemcitabine, paclitaxel or vinorelbine for non-squamous and unselected NSCLC, respectively) can be chosen for treating brain metastasis from lung cancer [93, 94] . The addition of bevacizumab to classical chemotherapy might be beneficial for the treatment of brain metastasis in NSCLC [95] .
EGFR mutations are observed in 11% of the Caucasian population with lung cancer [96] and predict benefit from first-(gefitinib, erlotinib) and second-generation (afatinib) EGFR tyrosine kinase inhibitors (TKIs) [13, 14, 16, 18, 29, [97] [98] [99] [100] [101] , as well as the third-generation inhibitor osimertinib in the case of TKI resistance [102] . In several small cohorts, a preservation of the EGFR status was noted in the CSF relative to the primary tumour [18, 70, 72, 98] . Erlotinib may achieve higher CSF concentrations than gefitinib [103] . New EGFR TKIs such as osimertinib have shown promising results in a phase I trial on LM in patients who had progressed on prior EGFR TKI therapy [104] . Combinations of EGFR TKIs with other agents await exploration.
ALK rearrangements and MET mutations are found in 3%-5% and 4% of NSCLC, respectively. Crizotinib, which targets ALK, proto-oncogene tyrosine-protein kinase (ROS) and MET, represents the first targeted option for ALK-rearranged NSCLC patients [105] . Ceritinib, alectinib, lorlatinib or brigatinib may be used after progression under crizotinib according to expert opinion. Accumulating evidence suggests a better CNS penetration of these compounds; however, only a few reports on the efficacy of second-or third-generation TKIs on LM are available [106] . HER2, MET and BRAF mutations as well as RET and ROS rearrangement have rarely been reported in lung cancer patients with LM. Appropriate inhibitors could represent therapeutic options once such a target has been identified. Only preliminary data are available on the efficacy of anti-programmed cell death 1 (PD-1) agents such as nivolumab [107, 108] or pembrolizumab [109] or anti-PD ligand 1 such as atezolizumab [110] in NSCLC patients with brain metastasis [111] . Data on the efficacy of immunotherapy for brain metastasis or LM are limited because such patients are commonly excluded from clinical trials.
LM from melanoma
Systemic chemotherapy using classical agents such as temozolomide, dacarbazine or fotemustine has only limited efficacy in melanoma patients with brain metastasis or LM. Ipilimumab, an antibody to anti-cytotoxic T-lymphocyte antigen 4, has shown efficacy in patients with brain metastasis [112, 113] . Anti-PD-1 antibodies have shown activity against extracerebral disease. However, only preliminary data are available for brain metastasis [111] .
BRAF mutations are observed in 40%-60% of melanomas and a concordance of BRAF status of 100% has been observed between primary tumour and brain metastasis [114] . Responses have been reported in brain metastasis or LM patients with BRAF inhibitors such as vemurafenib [115, 116] or dabrafenib [117] . Although some emerging approaches have shown promising results in the control of extracerebral disease, only limited data are available on the efficacy of MAPK/ERK kinase (MEK) inhibitors (trametinib, selumetinib, pimarsertib) or the combination of BRAF and MEK inhibitors (dabrafenib þ trametinib, vemurafenib þ cobimetinib) in patients with CNS metastases or, specifically, LM from melanoma [20] .
Other solid tumours
No specific data are available for the treatment of LM caused by other tumours, and treatments should be selected according to the primary tumour and its prior treatment.
High-dose systemic chemotherapy
Cytotoxic CSF concentrations of MTX, cytarabine or thiotriethylenephosphoramide (thioTEPA) may be achieved using highdose systemic administration, and these agents have induced responses in LM from various solid tumours [76, [118] [119] [120] . The major limitations of these approaches are haematological toxicity and their incompatibility with other systemic regimens potentially needed for the control of systemic disease. 
Intra-CSF pharmacotherapy
Although no randomised trial has demonstrated that intra-CSF chemotherapy prolongs survival in LM patients, intra-CSF pharmacotherapy is used by the majority of physicians treating LM patients across Europe [73] . Due to its limited penetration into solid tumour lesions, e.g. up to 1-3 mm [121, 122] , intra-CSF pharmacotherapy is mainly considered for patients with type A LM and a significant tumour cell load in the CSF (Table 2) . Furthermore, intra-CSF pharmacotherapy should not be administered to patients with symptomatic hydrocephalus who require ventriculoperitoneal shunt placement or with a ventricular device without on/off option. When intra-CSF pharmacotherapy is used, the administration may be done through repeated lumbar punctures or preferably through a subgaleal reservoir and intraventricular catheter. An equivalent or larger volume of CSF should be removed before each intra-CSF injection. After lumbar injection, patients should remain in a flat position for 1 h [123] .
The conceptual advantages of the ventricular route include the certainty that the drug is not delivered into the epidural or subdural space instead of the CSF compartment, a more uniform distribution of the agent, greater patient comfort and a faster procedure, which improves compliance and safety of drug administration. The latter is particularly true for patients requiring anticoagulation [124] [125] [126] . The safety of ventricular devices has been shown in several cohorts of patients using different technologies and several devices, but careful handling is required to ensure aseptic puncture and drug application to minimise the risk of infectious complications [126] [127] [128] . The best surgical procedure has to be defined by the neurosurgeon in charge of the patient. No benefit of ventricular versus lumbar route has been demonstrated; however, a longer progression-free survival for MTX was observed in a sub-study of a randomised trial using the ventricular route. In contrast, there was no significant difference using liposomal cytarabine, presumably due to the different halflives of these agents [124] . New approaches such as ventriculolumbar perfusion are interesting, but require further study [129] .
Three agents are commonly used for the intrathecal treatment of LM: MTX, cytarabine, including liposomal cytarabine, or thioTEPA. Thus, the compounds routinely used for intra-CSF treatment do not have a key role as single agents for systemic treatment of most common cancers causing LM. Different schedules have been proposed for these agents, without consensus on optimal dose, frequency of administration or optimal duration of treatment (Table 3) . No intra-CSF agent has shown a significant survival advantage over another [130, 131] . Combined intra-CSF agents have not demonstrated superiority over single intra-CSF agents [132] , yet, longer time to neurological progression was reported in LM patients with liposomal cytarabine than in those patients treated with MTX [131] . Toxicities of the various intra-CSF agents differed. More mucositis or neurological complications such as headache were observed with MTX than with thioTEPA [130] . For MTX and liposomal cytarabine, Cancer and Leukemia Group B (CALGB)-expanded Common Toxicity Criteria treatment-related grade ! 3 toxicity was similar [131] . In a subanalysis, a greater quality-adjusted survival, measured by quality-adjusted time without symptoms or toxicity (Q-TWIST), was observed in patients treated with liposomal cytarabine than with MTX [133] .
The efficacy and tolerance of intra-CSF trastuzumab in HER2-positive breast cancer is under evaluation in two trials (NCT01325207, NCT01373710). A small pooled analysis of 17 patients with HER2-positive breast cancer from 13 publications treated by intra-CSF trastuzumab reported clinical improvement in 69% of patients, with a median OS of 13.5 months [134] .
A critical review of the randomised trials on LM, five of which enrolled patients with solid tumours [75, 125, [130] [131] [132] (Supplementary Table S1 , available at Annals of Oncology online), all assessing the response to intra-CSF therapy, revealed a lack of standardisation for the evaluation of response and methodological limitations with respect to the type of tumour (haematological versus solid), baseline evaluation, response to treatment and evaluation of safety, and all experienced long times for accrual [46] . Moreover, all were open-label studies. Only cohort studies have been reported in recent years. One single trial tried to explore the value of adding intraventricular MTX to systemic therapy and involved-field radiotherapy (RT), but the trial was prematurely closed [75] . A total of 35 breast cancer patients with LM were evaluated based on clinical findings only. No differences for clinical response or OS were observed, but more treatment-related neurotoxicity, scored according to a local scale, was noted in the intra-CSF chemotherapy arm (47% versus 6%). The complication rate in the intra-CSF chemotherapy arm, with 18% of reservoir revisions, was also high compared with other cohorts (< 7.3% of reservoir revision) [126] [127] [128] . The role of adding intra-CSF chemotherapy using liposomal cytarabine to systemic therapy in breast cancer patients with LM is readdressed in an ongoing phase III trial (NCT01645839).
The optimal duration of intra-CSF treatment has also not been adequately explored. Most patients nowadays are treated until progression or for 1 year, if tolerated. In the absence of evidence from appropriate clinical trials, clinical symptoms and MRI and CSF findings, as well as tolerance of treatment, guide individual decisions on the duration of treatment. Notably, the role of persisting positive CSF cytology alone for decision-making regarding the continuation of treatment remains controversial [1] .
Recommendations:
• Intra-CSF pharmacotherapy should be considered for most patients with type IA/C LM [EANO: IV, n/a; ESMO: V, n/a].
• Intra-CSF pharmacotherapy should be administered through the ventricular rather than lumbar route whenever feasible [EANO: IV, n/a; ESMO: V, n/a].
Radiotherapy
No randomised clinical trial to assess the efficacy and tolerance of RT in LM has been conducted. Focal RT administered in fractionated regimens such as involved-field or stereotactic RT or administered in single fractions (radiosurgery) can be used to treat nodular disease and symptomatic cerebral or spinal sites. In exceptional cases, focal RT can be carried out for cauda equina syndrome or cranial nerve palsies after exclusion of other causes, even in the absence of corresponding MRI findings. The presence of CSF flow interruptions is associated with decreased survival [54, 55, 135] . Restoration of CSF flow obstruction can be obtained by focal RT in 30% of patients with spinal blocks and in 50% of patients with intracranial blocks [136] and has been proposed to reduce the toxicity from, and enhance the efficacy of, intra-CSF therapy.
Typical target volumes for RT in the presence of cranial neuropathies include, by expert consensus, the skull base, the interpeduncular cistern and the two first cervical vertebrae. Typical target volumes for RT in the presence of a cauda equina syndrome include the lumbosacral vertebrae. WBRT may be considered for extensive nodular or symptomatic linear LM or coexisting brain metastasis. Yet, no association of WBRT with survival was observed in retrospective studies of LM patients [13, 14, 15, 18, 28] . Cerebrospinal RT is rarely an option for adult patients with LM from solid cancers because of risk of bone marrow toxicity, enteritis and mucositis, and the usual co-existence of systemic disease. Concomitant craniospinal RT and systemic or intra-CSF treatment should be avoided to prevent severe toxicity, notably myelosuppression. Up to 20% of grade 3-4 adverse events have been reported in a phase II trial evaluating concomitant intra-CSF MTX plus dexamethasone with focal RT for patients with LM from various solid tumours [137] . Intra-CSF administration of radioisotopes or radiolabelled monoclonal antibodies should be explored in the context of clinical trials.
Recommendations:
• Focal RT should be considered for circumscribed, notably symptomatic lesions [EANO: IV, n.a.; ESMO: V, n.a.].
• WBRT can be considered for extensive nodular or symptomatic linear LM [EANO: IV, n/a; ESMO: V, n/a].
Individualised approach to LM
Diagnosis and management of patients with LM should follow multidisciplinary tumour board recommendations throughout the disease course. The therapeutic strategy should consider general health and the neurological status of the patient, histological and molecular subtype of the primary cancer, extent and available therapeutic options for extra-CNS disease, clinical and imaging presentation of LM, and presence of concomitant brain metastasis. The therapeutic recommendations summarised in Figure 1 and Table 4 are largely based on retrospective cohort data or expert agreements and must be considered as having a low level of evidence. Randomised clinical trials with adapted methodology and standardised criteria for diagnosis and response are needed to better define the role of all therapeutic interventions in LM.
Monitoring and follow-up
No robust data are available and monitoring recommendations today are still based on consensus and expert opinion. The LANO group has made efforts to determine criteria to evaluate the response to treatment in LM patients [1] (Supplementary Table S2 , available at Annals of Oncology online). Although the proposal by the LANO group remains controversial largely because of its complexity, we concur with the view that response should be evaluated according to a complete neurological assessment, a neuroimaging evaluation and standard CSF cytology. CSF parameters other than the detection of tumour cells are not considered (Table 5 ). Symptoms and signs related to concomitant brain metastasis, extracerebral progression, toxicity induced by treatments or concurrent diseases must not be considered for the evaluation of LM response. As most neurological deficits in LM patients are irreversible, the best anticipated clinical response is usually achievement of stable disease. A complete cerebrospinal MRI is required for the evaluation of response. During follow-up, MRI should preferably be repeated using the same scanner or at least a scanner of identical field strength (Table 1) . Other imaging modalities such as MR spectroscopy, MR perfusion or PET have no role so far in the assessment of LM during follow-up. The LANO group has proposed an MRI grid for the assessment of radiographic response, which needs to be validated. Due to small volume and geometric complexity, a quantitative assessment is often not possible, and LM lesions may be difficult to measure reliably. Thus, it has been proposed to distinguish 'measurable' LM disease defined by at least one nodular lesion of more than 5 Â 10 mm from 'non-measurable' disease which encompasses all This decision tree is based on expert agreement. When selecting therapeutic options, systemic pharmacotherapy should always be considered. A modification of systemic pharmacotherapy is recommended in patients with progressive extracranial disease as well as in patients with progressive BM, unless RT alone is a preferred option. Intra-CSF pharmacotherapy is recommended in case of floating tumour cell load in the CSF and is optional in case of linear metastatic meningeal disease. Intra-CSF pharmacotherapy is not recommended in patients with symptomatic hydrocephalus who require ventriculoperitoneal shunt placement or with a ventricular device without on/off option or in patients with nodular meningeal metastases only. Focal RT is recommended for the treatment of nodular disease and symptomatic metastatic cerebral or spinal sites. WBRT may be an option for extensive nodular or symptomatic linear LM or co-existing BM. Note that RT options refer to treatment of LM only. BM, brain metastases; CSF, cerebrospinal fluid; ECD, extracranial disease; IT, intrathecal; LM, leptomeningeal metastases; RT, radiotherapy; WBRT, whole brain radiotherapy; other MRI abnormalities [1] . Changes in size, but not changes in intensity of contrast enhancement, should be considered. Changes in hydrocephalus should be considered as part of the response evaluation in clinical practice, but were not included in the LANO MRI grid. In clinical trials, concomitant brain or extradural spinal metastases are evaluated separately for response. CSF cell counts could, in principle, be obtained specifically for tumour, as opposed to non-neoplastic cells, but this has Table 4 . Key recommendations for the diagnosis and treatment of LM from solid tumours EANO [146] ESMO [147] Level of evidence
Grade of recommendation
Level of evidence
Grade of recommendation
Diagnostic procedures LM should be considered in particular in patients with breast or lung cancer or melanoma who present with neurological symptoms or signs
Typical clinical signs of LM such as headache, nausea and vomiting, mental changes, gait difficulties, cranial nerve palsies with diplopia, visual disturbances, hearing loss, sensorimotor deficits of extremities and cauda equine syndrome, radicular, neck and back pain, notably in a patient with cancer, should alert clinicians to consider LM IV n/a V n/a A detailed neurological examination using a standard evaluation form, e.g. as proposed by the LANO group, should be carried out at diagnosis IV n/a V n/a
The diagnostic work-up should include cerebrospinal MRI. Brain MRI should include axial remained challenging and would require more sophisticated techniques than commonly available. As discussed above, the proposal by the LANO group to classify the standard CSF cytology results into two groups of patients, negative or atypical, versus positive or suspicious, appears too complex. Three categories of positive, equivocal and negative seem to be more feasible in clinical practice (see above). A complete CSF cytological response requires a conversion of a previously positive to a negative CSF response maintained for at least 4 weeks. If only lumbar CSF was positive and the patient is treated through a ventricular reservoir, the CSF response cannot be evaluated unless further lumbar CSF samples are obtained. An unequivocal de novo appearance of malignant cells in the CSF after repeated negative CSF cytologies carried out under optimised conditions should be considered as progression and does not require a confirmatory analysis. In contrast, a change from negative to equivocal is not considered relevant for clinical decision-making. CSF cytology may remain positive in patients with stable or improved clinical or imaging features [138] . The levels of CSF protein, glucose or lactate, or novel biomarkers or new methodologies for the identification of tumour cells in the CSF have not been integrated into routine response determination at present. Clinical, imaging and CSF evaluations should be carried out at baseline and at defined time points thereafter to assess the response. Evaluations should be planned every 2 months for the first 6 months and every 3 months thereafter in stable patients, but should be carried out earlier whenever there is suspicion of progression based on clinical assessment.
Recommendations:
• A detailed neurological examination using a standard evaluation form should be carried out every 2-3 months or at radiological progression or when new neurological symptoms or signs are reported [EANO: IV, n/a; ESMO: V, n/a].
• Cerebrospinal MRI should be carried out every 2-3 months or at any instance of suspected clinical progression [EANO: IV, n/a; ESMO: V, n/a].
• CSF studies should be carried out every 2-3 months in patients undergoing intra-CSF pharmacotherapy [EANO: IV, n/a; ESMO: V, n/a].
Supportive care
Although this guideline does not aim at comprehensively describing palliative and supportive care, a few points deserve consideration. The role of steroids has not been specifically studied in LM patients, notwithstanding their role for associated brain metastasis, Steroids may also alleviate meningeal irritation and radicular pain. When required clinically, the lowest dose of steroids should be used for the shortest time possible. Seizures should be managed using drugs that do not interact with systemic treatments. Primary prophylaxis is not recommended [139, 140] . Ventriculoperitoneal shunting may provide durable relief from symptomatic hydrocephalus [141] [142] [143] [144] . National and institutional guidelines may provide further guidance [145] .
Outlook
Guidelines reflect knowledge and consensus at a given timepoint. Updates on these recommendations will be announced on the website of EANO (www.eano.eu) and ESMO (www.esmo.org).
Randomised trials based on well-defined diagnostic and inclusion criteria, in appropriately selected sub-groups of LM patients, enriched for molecular genetic signatures where feasible, and with adequate criteria of evaluation are required to improve the outcome of LM in a primary cancer-specific manner. Important questions to address include the role of intrathecal pharmacotherapy and of novel systemic therapies, notably targeted agents and immunotherapy.
Methodology
References were identified through searches of PubMed with the search terms 'leptomeningeal metastasis', 'neoplastic meningitis', 'intrathecal', 'intra-CSF', 'CNS', 'brain', 'metastasis', 'trial', 'clinical', 'radiotherapy' and 'chemotherapy' in various combinations from 1 January 1976 to 30 November 2016, because of the paucity of data on this topic. Articles were also identified through searches of the authors' own files. Only papers in English were reviewed. Data available only in Abstract form were only exceptionally included. The final reference list was generated by consensus of the authors and based on originality and relevance to the broad scope of this guideline. Levels of evidence and grades of recommendation were applied using the European Federation of Neurological Societies criteria as recommended by EANO (Tables 6 and 7 ) [146] as well as using an adapted version of the Table 7 . Levels of evidence and grades of recommendation for a diagnostic measure (using the European Federation of Neurological Societies criteria as recommended by EANO) [146] Evidence classification Class I: A prospective study in a broad spectrum of persons with the suspected condition, using a 'gold standard' for case definition, where the test is applied in a blinded evaluation, and enabling the assessment of appropriate tests of diagnostic accuracy Class II: A prospective study of a narrow spectrum of persons with the suspected condition, or a well-designed retrospective study of a broad spectrum of persons with an established condition (by 'gold standard') compared with a broad spectrum of controls, where test is applied in a blinded evaluation, and enabling the assessment of appropriate tests of diagnostic accuracy Class III: Evidence provided by a retrospective study where either persons with the established condition or controls are of a narrow spectrum, and where test is applied in a blinded evaluation Class IV: Any design where test is not applied in blinded evaluation OR evidence provided by expert opinion alone or in descriptive case series (without controls)
Rating of recommendations Level A rating (established as useful/predictive or not useful/predictive) requires at least one convincing class I study or at least two consistent, convincing class II studies Level B rating (established as probably useful/predictive or not useful/ predictive) requires at least one convincing class II study or overwhelming class III evidence Level C rating (established as possibly useful/predictive or not useful/ predictive) requires at least two convincing class III studies
Reprinted from [146] by permission of European Journal of Neurology. Table 6 . Levels of evidence and grades of recommendation for a therapeutic intervention (using the European Federation of Neurological Societies criteria as recommended by EANO) [146] Evidence classification Class I: An adequately powered prospective, randomised, controlled clinical trial with masked outcome assessment in a representative population or an adequately powered systematic review of prospective randomised controlled clinical trials with masked outcome assessment in representative populations. The following are required: a. Randomisation concealment b. Primary outcome(s) is/are clearly defined c. Exclusion/inclusion criteria are clearly defined d. Adequate accounting for dropouts and crossovers with numbers sufficiently low to have minimal potential for bias e. Relevant baseline characteristics are presented and substantially equivalent among treatment groups or there is appropriate statistical adjustment for differences Class II: Prospective matched-group cohort study in a representative population with masked outcome assessment that meets a-e above or a randomised, controlled trial in a representative population that lacks one criteria a-e Class III: All other controlled trials (including well-defined natural history controls or patients serving as own controls) in a representative population, where outcome assessment is independent of patient treatment Class IV: Evidence from uncontrolled studies, case series, case reports or expert opinion
Rating of recommendations Level A rating (established as effective, ineffective or harmful) requires at least one convincing class I study or at least two consistent, convincing class II studies Level B rating (probably effective, ineffective or harmful) requires at least one convincing class II study or overwhelming class III evidence Level C (possibly effective, ineffective or harmful) rating requires at least two convincing class III studies
Infectious Disease Society of America-United States Public Health Service Grading System as recommended by ESMO (Table 8 ) [147] . Statements without grading were considered justified standard clinical practice by the experts. This manuscript has been subjected to an anonymous peer review process.
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